Objective: Previous research reported strong associations between ED overcrowding and mortality. We assessed the effect of the Four-Hour Rule (4HR) intervention (Western Australia (WA) 2009), then nationally rolled out as the National Emergency Access Target (Australia 2012) policy on mortality and patient flow. Methods: A longitudinal cohort study of a population-wide 4HR, for 16 hospitals across WA, New South Wales (NSW), Australian Capital Territory (ACT) and Queensland (QLD). Mortality trends were analysed for 2-4 years before and after 4HR using interrupted time series technique. Main outcomes included the effect of 4HR on patient flow markers; admitted 30 day mortality trends; and patient flow marker performance during the study period.
• Previous research indicated that ED overcrowding and access block are strongly associated with increased mortality but our longitudinal data in 16 hospitals across several states showed significant longterm reductions in mortality rates in WA but not in the other jurisdictions.
• The association between access block and 30 day mortality remains controversial.
• Longer time series analyses are required to confirm or reject the hypothesis that mortality can be reduced by improving chronic ED overcrowding.
(P = 0.040) while QLD had mixed results and NSW/ACT trends did not change significantly. Meta-regression of aggregated data for hospitals grouped on flow performances did not show significant mortality changes associated with the policy. Conclusions: The 4HR was introduced as a means of driving hospital performance by applying a time target. Patient flow improved, but the evidence for mortality benefit is controversial with improvement only in WA. Further research with more representative data from a larger number of hospitals over a longer time across Australia is needed to increase statistical power to detect long-term effects of the policy.
Introduction
ED overcrowding has been identified as a critical issue for emergency care worldwide. [1] [2] [3] [4] [5] [6] ED overcrowding has been associated with poorer organisational performance and adverse clinical outcomes. 1, 2, 6, 7 Of most concern is the association between ED overcrowding and increased mortality. 1, 2, 6, [8] [9] [10] [11] Two Canadian studies identified chronic ED overcrowding as a systemic problem that can happen because of prolonged strain on hospital and healthcare resources. 12, 13 The UK introduced the 'four-hour rule' in 2002 with subsequent reports of improved patient flow but with limited research and no demonstrated mortality benefits. 14 In April 2009, the state government of Western Australia (WA) introduced a version of the 4-Hour Target. 15 This was further modified and implemented across Australia in 2012 as the National Emergency Access Target, known as NEAT. 9, 16 In this paper, the two policies have been abbreviated as 4HR.
Previous studies have reported excess mortality up to 30% for inpatients who presented to an overcrowded ED in Australia. 8, 10, 11 Three
Australian studies suggested significant mortality decreases associated with major improvement in 4HR performance but there was a lack of pre-4HR data to assess changes in mortality trends. 9, 12, 15 An interrupted time series (ITS) analysis on the sixhour target in New Zealand found significantly improved trends for both elective patient and ED deaths, but no significant effect on mortality for acutely admitted patients. 13 The aim of this study was to assess the impact of the 4HR on patients dying within 30 days of their last ED admission and the association between excess mortality and improvements in ED flow and access block as proxies for chronic ED overcrowding.
Methods

Study design, data source and participants
We conducted a longitudinal cohort study of adult (≥18 years) ED patients using de-identified recordlinkage data from 16 
Data definitions
Admissions in this study refer to those lasting >24 h (i.e. excluding short-stay admissions ≤24 h) regardless of whether they were admitted to ED observation units or inpatient wards.
Admitted patient 30 day mortality rate was calculated as the number of patients who died within 30 days of the date of their last admitted ED presentation divided by the total number of patients who had emergency-admissions in each quarter. Mortality rates are expressed per 1000 patients. Age-standardised mortality rates were calculated using the direct standardisation method, based on Australia's 30 June 2001 Standard Population.
For this study we defined two patient flow markers: 'ED flow' as the percentage of presentations with an ED length of stay (EDLOS) within 4 h, and 'access block' as the percentage of admitted patients who spent more than 8 h in ED. Overall trend and improvement in patient flow (as described below) are defined as proxies for chronic ED overcrowding.
Statistical analysis
We used ITS analysis for trends in patient flow makers and mortality for each jurisdiction 17 (Appendix S1). Four coefficients were estimated in the ITS model: the baseline level at the last quarter of pre-4HR, the slope pre-4HR, the change in level immediately post-4HR and the change in slope post-4HR (Fig. 1 , Appendix S1).
We then pooled each of the four sets of ITS mortality estimates for individual hospitals using a random effects meta-regression analysis 18, 19 ('Meta-regression analysis' in Appendix S1). To assess the association between patient flow and mortality we calculated flow performance of each hospital as percentage change in patient flow markers post-4HR versus pre-4HR. These percentage changes were ranked for grouping the hospitals into tertiles, namely 'most improved', 'moderately improved' and 'least improved'. The grouping was conducted separately for ED flow and access block. Three models were fitted, namely intercept only (model 1); ED flow tertiles (model 2); and access block tertiles (model 3).
Statistical significance was set at α = 0.05. Data for ITS analyses were managed and analysed using Statistical Analysis System (SAS) software, version 9.4. Meta-regression analyses were conducted in Stata, version 14.2. 
Ethics clearance
Results
Sample characteristics
Over the study period, there were 3 915 716 ED visits across participating jurisdictions leading to a total of 952 726 ED admissions. The number of ED admissions across jurisdictions before and after 4HR introduction are shown in Table 1 . Percentage of admissions (>24 h) were similar post-4HR versus pre-4HR (Table S1 ). Key characteristics of admitted ED visits namely age, gender, ambulance and triage categories did not change substantially between pre-4HR and post-4HR periods (Table 1 ). There were 40 281 deaths (within 30 days of an admitted ED visit) and the percentage of 30 day deaths decreased post-4HR in all jurisdictions. Annual mortality rates are presented in Table S2 for external comparability. Figure 1 displays the observed and estimated trends for patient flow markers -ED flow (i.e. percentage of EDLOS ≤4 h) and access block (i.e. percentage of EDLOS >8 h among admitted ED visits). Estimated ED flow was between 35% and 50% at baseline (last quarter of pre-4HR). This increased post-4HR to as high as about 70% in WA and QLD and about 60% in NSW, which equated to an improvement of about 20-30% in these three states. Estimated levels of access block was between 40% and 55% at baseline, which reduced by about 15-35% post-4HR in WA, NSW and QLD at the end of the study. Table 2 shows the ITS results for trends in patient flow markers, and crude and agestandardised 30 day mortality rate by jurisdiction. All jurisdictions showed worsening trends in ED flow pre-4HR but only the pre-4HR slope for QLD was statistically significant (−0.4% per quarter, P = 0.010). Post-4HR trends showed statistically significant improvement for both patient flow markers, except access block for ACT. Figure 2 displays the graphical results for mortality in Table 2 . All jurisdictions had downward trends in age-standardised mortality before 4HR implementation but none of them were statistically significant (c and d). Mortality trend improved significantly after 4HR in WA, with a reduction in age-standardised mortality slope of −0.28 per 1000 per quarter (P = 0.040). QLD had a statistically significant mortality drop at the beginning of 4HR of −2.12 per 1000 (P = 0.009) followed by a statistically significant increasing trend in agestandardised mortality trend, of 0.62 per 1000 per quarter (P = 0.001). However, the observed QLD mortality rate at the end of the study period was not significantly different from expected, if the trend continued from the pre-4HR period (2.20 per 1000, P = 0.110). No post-intervention mortality changes were significant in NSW and ACT (P > 0.05).
Mortality for all hospitals grouped together showed a downward trend of 0.16 per 1000 per quarter before 4HR (P = 0.009) ( Table 3) . When the hospitals were grouped together in tertiles, the preintervention downward trend in mortality was only statistically significant among the top-performing hospitals (i.e. Group 1), with a significant reducing trend of −0.23 per 1000 per quarter for the ED flow grouping and −0.18 per 1000 per quarter for access block. There were no statistically significant changes, in level or in slope, post-4HR for any tertile.
When the performance groups were compared against each other, no statistically significant differences were found in any of the ITS estimates, namely baseline mortality (P = 0.347 for ED flow grouping and P = 0.053 for access block grouping), pre-4HR slope (P = 0.174 and P = 0.286, respectively), change in level (P = 0.449 and P = 0.415) or change in slope (P = 0.433 and P = 0.186) ( Table 3) . Mortality results from the ITS analysis for each of the hospital ranked by patient flow improvement are presented in Table S3 .
Discussion
Countries implementing EDLOS time targets, such as the UK, New Zealand and Australia, have found major improvements in length of stay and time targets. 13, 16, 20 In the UK, the aggregated and individually reported data suggested that at its zenith, 98% of all patients left EDs within 4 h. 20 New Zealand also improved with most district health boards reaching their 95% 6-h target. 13 In Australia, the 4HR compliance improved from 64% in 2011-2012 to 73% in 2013-2014. 21 The improvement was also evident in our results on ED flow (b and c). It is important to remember that as with any observational study, the 4HR was an intervention introduced with many other interventions and attribution of changes cannot be to one single intervention, as highlighted in our qualitative studies. 22, 23 Our study found a significantly reduced 30 day mortality trend in WA post-4HR, but there were no significant changes for NSW, ACT and QLD. A few factors may help explain this difference between WA and the other jurisdictions. First, WA had the most pronounced improvement in access block (about 30%). Second, WA had a longer post-4HR period at a higher ED flow rate of 60-70%, and lower access block rates between 20% and 30%. Third, each jurisdiction had different implementation strategies, which may have different impacts on mortality.
A non-significant downward mortality trend was observed pre-4HR in each jurisdiction, which was statistically significant when hospital-level estimates were pooled and combined in the meta-regression analysis. It was also significant for the best performing patient flow tertiles. The evidence of a pre-4HR trend of mortality reduction suggested that a decrease over time could occur regardless of 4HR implementation. However, percentage of 30 day deaths decreased in the post-4HR period suggesting that the introduction of 4HR did not adversely affect mortality (Table 1) . No significant post-4HR changes in mortality were detected in the overall estimates, or when the hospitals were grouped by flow performance tertiles. In summary, this demonstrates that mortality is not the only reason for ensuring patient flow is good.
Previous Australian studies found that ED overcrowding, access block and/or 4HR compliance were strongly associated with excess mortality. [9] [10] [11] [12] 15 Our study found significant mortality reduction post-4HR only in WA (−0.28 per 1000 per quarter or a rate of about −1% per quarter relative to the baseline age-standardised mortality rate of 27.53 per 1000; Table 2 ). The weak evidence for mortality reduction post-4HR is unexpected, given the significant improvements post-4HR in ED flow and access block in WA (by 1.6% and −2.4% per quarter, respectively) as well as in NSW (2.9% and −2.1%) and QLD (3.5% and −4.8%).
If the strong association with 4HR compliance was demonstrable as an effect of the policy, we may have found stronger evidence of mortality reduction over time as 4HR compliance improved, but our findings are inconclusive.
The link between ED overcrowding measures and mortality might be explained temporally by the following: First, cyclical flux (e.g. flu epidemic) and random intermittent surge in demand both in terms of number of patients and the severity of their condition overwhelms the ability of the hospital to cope (episodic association). This episodic increase in demand may partly explain the impact of overcrowding on excess mortality in all of these studies.
9-12,15 Second and less well-studied, quality of care may also be compromised in a chronically overcrowded environment (chronic association). The New Zealand study on their six-hour target policy using the ITS methodology found acute admitted patient mortality did not change while there were modest improvements in access block of 5-10% from a low 20-25%. 13 In our study, post-4HR improvement in patient flow measures suggested that chronic ED overcrowding significantly improved, but the evidence of its impact on mortality reduction was weak.
Strengths and limitations
The study analysed a relatively representative sample of metropolitan hospitals from four jurisdictions. We used linked data to more exhaustively identify 30 day mortality including deaths that occurred postdischarge. Most of the previous studies were limited to in-hospital mortality within the same hospital only. We used the ITS technique to account for change from underlying trends in outcomes over time as well as to address the issue of seasonal confounding. The before-after data on 4HR and ITS analysis allowed us to address the questions as to whether chronic ED overcrowding (using patient flow markers) improved with 4HR and whether that improvement was associated with excess mortality.
The study analysed a sample of 16 hospitals from four jurisdictions. Even though this is a large linkage study in terms of the number of patients, the lack of statistical power is a major limitation due to: (i) the short period of time over which to assess trends in mortality in the time series analysis particularly for the eastern jurisdictions; and (ii) the limited number of participating hospitals particularly for the metaregression analysis. Another important limitation was the exclusion of jurisdictions such as Victoria, South Australia, Tasmania and Northern Territory due to restrictions in the data linkage capability or lack of associated investigators from those jurisdictions in our project. In addition, data after 2013 was not available from the data linkage units at the time of requesting the data (end of 2013) and we experienced extensive delays in signing agreements and ethics applications (up to 18 months) and getting the data (up to 16 months). In addition, data linkage accuracy was not the same across jurisdictions.
Another limitation was caused by data definition inconsistencies across jurisdictions, hospitals and time periods. In particular, inpatient admissions could not be accurately determined due to inconsistencies in ward allocations across hospitals and/or over time. Instead, we used admissions lasting >24 h as a proxy for inpatient admissions. Even so, lower admission threshold and its dilution effect on admitted patient mortality was not a likely issue in our analysis (i.e. potential strength in our study) because we had relatively stable admission (>24 h) rates before and after 4HR (Table S1 ). There were potential confounders such as the healthy migrant effect that could have reduced mortality over time. 24 We did not include diagnosis or co-morbidity indices in our analysis because exploratory analyses indicate that they may be affected by changes in Australian Coding Standards over time. 25 
Conclusion
The 4HR was introduced as a time target to drive performance. The impact on mortality was a principal concern underpinning its introduction. Here, the results on mortality are heterogeneous between jurisdictions and between hospitals even when grouped by patient flow performance. Importantly, we found the impact of the 4HR and resultant improvements in patient flow on mortality were not as easy to discern as previously reported. [9] [10] [11] [12] 15 Longer and larger linked longitudinal data for the post-4HR with longer periods at low access block levels would be required to assess whether the post-4HR reduction in excess mortality in WA can be replicated across Australia. It is likely that longer trends involving more hospitals in more jurisdictions would be able to provide the evidence to demonstrate whether there are mortality benefits resulting after the implementation of the Government policy. A full acknowledgment of all investigators and partner organisations is available at the following link: https:// swscs.med.unsw.edu.au/project/valida tion-and-impact-four-hour-rule-emer gency-department-large-data-linkagestudy.
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